Glucocorticoids are diabetogenic hormones because they decrease glucose uptake, increase hepatic glucose production, and inhibit insulin release. To study the long-term effects of increased glucocorticoid sensitivity in ␤-cells, we studied transgenic mice overexpressing the rat glucocorticoid receptor targeted to the ␤-cells using the rat insulin I promoter. Here we report that these mice developed hyperglycemia both in the fed and the overnight-fasted states at 12-15 months of age. Progression from impaired glucose tolerance, previously observed in the same colony at the age of 3 months, to manifest diabetes was not associated with morphological changes or increased apoptosis in the ␤-cells. Instead, our current results suggest that the development of diabetes is due to augmented inhibition of insulin secretion through ␣ 2 -adrenergic receptors (␣ 2 -ARs). Thus, we found a significantly higher density of ␣ 2 -ARs in the islets of transgenic mice compared with controls, based on binding studies with the ␣ 2 -AR agonist UK 14304. Furthermore, incubation of islets with benextramine, a selective antagonist of the ␣ 2 -AR, restored insulin secretion in response to glucose in isolated islets from transgenic mice, whereas it had no effect on control islets. These results indicate that the chronic enhancement of glucocorticoid signaling in pancreatic ␤-cells results in hyperglycemia and impaired glucose tolerance. This effect may involve signaling pathways that participate in the regulation of insulin secretion via the ␣ 2 -AR. Diabetes 53 (Suppl. 1): S51-S59, 2004
1
Glucocorticoids are diabetogenic hormones because they decrease glucose uptake, increase hepatic glucose production, and inhibit insulin release. To study the long-term effects of increased glucocorticoid sensitivity in ␤-cells, we studied transgenic mice overexpressing the rat glucocorticoid receptor targeted to the ␤-cells using the rat insulin I promoter. Here we report that these mice developed hyperglycemia both in the fed and the overnight-fasted states at 12-15 months of age. Progression from impaired glucose tolerance, previously observed in the same colony at the age of 3 months, to manifest diabetes was not associated with morphological changes or increased apoptosis in the ␤-cells. Instead, our current results suggest that the development of diabetes is due to augmented inhibition of insulin secretion through ␣ 2 -adrenergic receptors (␣ 2 -ARs). Thus, we found a significantly higher density of ␣ 2 -ARs in the islets of transgenic mice compared with controls, based on binding studies with the ␣ 2 -AR agonist UK 14304. Furthermore, incubation of islets with benextramine, a selective antagonist of the ␣ 2 -AR, restored insulin secretion in response to glucose in isolated islets from transgenic mice, whereas it had no effect on control islets. These results indicate that the chronic enhancement of glucocorticoid signaling in pancreatic ␤-cells results in hyperglycemia and impaired glucose tolerance. This effect may involve signaling pathways that participate in the regulation of insulin secretion via the ␣ 2 -AR. Diabetes 53 (Suppl. 1): S51-S59, 2004 T ype 2 diabetes is characterized by hyperglycemia that develops because of peripheral insulin resistance, increased glucose production in the liver, and impaired ␤-cell function (1) (2) (3) . It is generally accepted that the disease develops on the basis of interactions between heredity and environment. Among environmental factors, stress plays an important role (4, 5) . Glucocorticoids (GCs) are stress hormones that exert their diabetogenic effect by increasing glucose production, inducing insulin resistance in muscle, and decreasing insulin secretion (6, 7) . Although the effect of GCs on glucose production and insulin sensitivity is well studied, the mechanisms whereby glucocorticoids inhibit insulin secretion are poorly understood. Because in vivo treatment with GCs affects the metabolism of multiple organs (e.g., endocrine pancreas, liver, muscle, and adipose tissue), the significance of any direct effect of excess GCs on the ␤-cell in vivo is difficult to evaluate. Therefore, we have developed an animal model in which the GC sensitivity of the ␤-cells was selectively increased due to cell-specific overexpression of GC receptors (GRs). Using this transgenic model (TG mice), we have described impairments in glucose tolerance and insulin secretion both in vivo and in vitro (8, 9) .
Previous studies have suggested that the inhibitory effect of GCs on insulin secretion might be mediated by ␣-adrenergic receptors. Thus, GCs have been shown to upregulate ␣ 2 -adrenergic receptor (␣ 2 -AR) expression and signaling in ␤-cell lines (10) . This is associated with a profound inhibitory effect on insulin secretion. Similarly, overexpression of ␣ 2 -AR attenuates basal and stimulated insulin secretion in insulinoma cells (11) . ␣ 2 -AR agonists also inhibit insulin release in vivo in humans and in experimental animals (12) (13) (14) (15) . Furthermore, ␣ 2 -AR agonists, such as UK 14304, clonidine, and oxymethazoline, inhibit glucose-stimulated insulin release from isolated islets and insulin-producing cell lines (16 -18) . Moreover, transgenic mice overexpressing ␣ 2A -AR in pancreatic ␤-cells showed decreased glucose-stimulated insulin release, resulting in glucose intolerance (19) . The inhibitory effect of ␣ 2 -AR agonists on insulin release is blocked by ␣ 2 -AR antagonists (e.g., yohimbine or idazoxan) (20, 21) . In the present study, we investigated whether islet ␣ 2 -ARs participate in the development of stress-induced diabetes. Therefore, we have studied whether the impairment of insulin secretion in TG mice is associated with an increase in expression and signaling by ␣ 2 -ARs in the ␤-cells.
Intraperitoneal glucose tolerance test and acute insulin response.
Intraperitoneal glucose tolerance tests (IPGTTs) were performed in overnight fasted animals. Blood was collected before (0 min) and after intraperitoneal injection of glucose (2 g/kg body wt) at 15, 30, 60, 90, and 120 min. In a separate series of experiments, overnight fasted mice (both control and TG) were divided into two groups. One group of mice (six control and six TG) was killed and blood was collected (0 min). Another group of mice (six control and six TG) was injected with glucose (2 g/kg body wt i.p.), and blood was collected at decapitation after 10 min of glucose injection. Intraperitoneal insulin tolerance test. An intraperitoneal insulin tolerance test (IPITT) was performed in overnight fasted animals. At Ϫ10 min, blood glucose levels were measured before injection of insulin (0.25 units/kg body wt; Actrapid, Novo Nordisk, Copenhagen, Denmark). Ten minutes after administration of insulin, blood glucose was measured (0 min) and a bolus of glucose (1 g/kg body wt i.p.) was given to the animals. Blood was then collected at intervals of 15, 30, 60, 90, and 120 min to determine glucose concentrations. Experiments with isolated islets. Islets were isolated by collagenase digestion. In brief, the pancreas was digested for 10 -12 min under continuous shaking (150 strokes/min) at 37°C in 2.5-3.0 ml Hanks' balanced salt solution (HBSS) containing 6 -8 mg collagenase. After digestion, 15-20 ml of the cold HBSS was added into the incubation medium, and the suspension was allowed to settle. The sediment was washed several times with cold HBSS, and the islets from the sediment were collected by a pipette under stereomicroscopy.
For measurements of insulin release in islets, static incubations were used. Islets were always preincubated in Krebs-bicarbonate buffer (KRB) (pH 7.4) supplemented with 3.3 mmol/l glucose for 45 min at 37°C before being incubated at further concentrations or other stimuli. The incubation was stopped by chilling the samples in ice-cold water. The incubation medium was removed and stored at Ϫ20°C for insulin assay. Insulin assay. Insulin was measured by radioimmunoassay with the addition of charcoal to separate free and bound antibody (22) .
Ligand binding assay. Binding of [
3 H]UK 14304 to islets was performed as described previously (23) . In brief, islets were preincubated for 60 min in KRB at 3.3 mmol/l glucose, after which triplicate batches of 25 islets in 100 l KRB (without glucose) were placed into microfuge tubes containing 150 l of a mixture of dibutylphthalate and dinonylphthalate (10:3), layered above 40 l 6 mol/l urea. Then, 50 l KRB containing 50 nCi Ϫ9 mol/l, except in experiments used for Scatchard analysis, in which serial dilutions (1:2) from 9 ϫ 10 Ϫ9 to 2.8 ϫ 10 Ϫ10 mol/l were used. The tubes were incubated for 40 min (unless indicated otherwise) at 37°C and then centrifuged for 15 s. The lower section of each tube containing the islets was cut off and placed in a liquid scintillation vial, 5 ml of scintillation fluid (Ultima Gold, Packard Instruments) was added, and radioactivity in the 3 H and 14 C peaks was determined by liquid spectrometry (Packard Tri-Carb 1900 TR Liquid Scintillation analyzer). Total binding was calculated as the radioactivity remaining in the islets after subtraction of radioactivity in the sucrose space. Specific binding was defined as the difference between total binding and nonspecific binding obtained in the presence of 3.3 ϫ 10 Ϫ6 mol/l unlabelled UK 14304 (Tocris Cookson, Bristol, U.K.).
For protein determination, islets were lysed in a buffer containing 80 mmol/l Tris, pH 6.8, 5 mmol/l EDTA, 5% SDS, 2 mmol/l N-ethylmaleimide, and 2 mmol/l phenyl methylsulfonyl fluoride and sonicated for 1.5 min. Total protein was quantified by BCA assay (Pierce) using BSA as a standard. Tissue processing for immunocytochemistry. Pancreatic specimens were fixed by immersion overnight in Stefanini's fixative (2% formaldehyde and 0.2% picric acid in phosphate buffer, pH 7.2), rinsed repeatedly in Tyrode solution enriched with sucrose (10% wt/vol), and frozen on dry ice. Sections (10 m thickness) were cut in a cryostat, collected on chrome alum-coated slides, and then processed for immunocytochemistry. The primary antibodies were as follows: for insulin detection, an anti-unconjugated human proinsulin antibody raised in guinea pig (code 9003, dilution 1:1,280; Euro-Diagnostica, Malmö , Sweden); for glucocorticoid receptor detection, a mAb against rat GR raised in mouse (8); for glucagon detection, an anti-protein-conjugated glucagon antibody raised in rabbit (code 7811, dilution 1:5,120; Euro-Diagnostica); and for detection of GLUT2, a rabbit anti-rat GLUT2 antiserum (dilution 1:200; Chemicon International, Temecula, CA). The sections were then incubated for 1 h at room temperature with a secondary antibody, coupled to fluorescein isothiocyanate with specificity for IgG (dilution 1:80; Euro-Diagnostica) of the primary antibody, and examined in a fluorescence microscope. TdT-mediated dUTP nick-end labeling (TUNEL) assay for apoptosis. TUNEL was performed on 4-m thick paraffin sections of formaldehyde-fixed pancreatic tissue, using an in situ cell death detection kit, according to the manufacturer's instructions (Roche Molecular Biochemicals, Mannheim, Germany) as described earlier (24) . The sections were counterstained for 10 min with 4Ј-6-diamino-2-phenylindole (DAPI) solution (10 mol DAPI in 800 mmol disodiumhydrogenphosphate) and embedded with Vectashield (H-1000; Vector Laboratories, Burlingame, CA). The stainings were analyzed with a fluorescence microscope (BX50; Olympus, Tokyo) equipped with a digital charge-coupled device camera (DKC5000, Sony, Tokyo). cDNA synthesis and RT-PCR. Total RNA was extracted from isolated pancreatic islets using Trizol (Invitrogen-Life Technologies) according to the manufacturer's instructions. The RNA was DNase-treated with RQ1 DNase (Promega) for 30 min at 37°C in a buffer containing 40 mmol/l Tris-HCl, pH 8.0, 10 mmol/l MgSO 4 , 1 mmol/l CaCl 2 , and 40 units RNaseOut (Invitrogen-Life Technologies) and re-extracted with Trizol. Reverse transcription was carried out with SuperScript II (Invitrogen-Life Technologies) in a reaction containing 5 g total RNA, 0.1 g random hexamer primers (Amersham-Pharmacia), and 40 units RNaseOut. Appropriate negative controls for each RNA consisted of a reaction mix identical to that above, except that di-ethylpyrocarbonatetreated water was added instead of SuperScript II. Relative expression levels of the ␣ 2-AR were assessed with the following primers: 5Ј-AGC TCC CCA AAA CCT CTT CCT-3Ј (sense) and 5Ј-CCA GCG CCC TTC TTC TCT ATG-3Ј (antisense); PCRs (10 l) contained 10 mmol/l Tris-HCl, pH 8.3, 50 mmol/l KCl, 1 mmol/l MgCl 2 , 200 mol/l of each dNTP, 5 pmol of sense and antisense primers, and 0.4 units Taq polymerase (Amersham-Pharmacia) and cycled (Master cycler, Eppendorf) as follows: 94°C for 3 min, 94°C for 30 s to 60°C for 30 s to 72°C for 30 s (for the number of cycles indicated in RESULTS), and 72°C for 5 min. Relative expression levels of ribosomal protein L30 were assessed with the following primers: 5Ј-AAG TGG GAA GTA CGT GCT GG-3Ј (sense) and 5Ј-CAC CAG TCT GTT CTG GCA TG-3Ј (antisense), and PCRs were assembled as above, except that 10 mmol/l Tris-HCl, pH 8.6, and 2.5 mmol/l MgCl 2 were used; cycling was as follows: 94°C for 3 min, 94°C for 30 s to 62°C for 30 s to 72°C for 30 s (for the number of cycles indicated in RESULTS), and 72°C for 5 min. PCRs were electrophoresed on 1% agarose/0.5ϫ Tris-borate-EDTA gels, and products (339 bp for the ␣ 2-AR, 272 bp for ribosomal protein L30) were documented with a digital camera and the appropriate software (EDAS 290; Kodak). Amplification of reverse transcription-negative controls were included for both PCRs, and no product was obtained from these reactions in either case. Statistical analyses. Data analysis was carried out using Sigma Plot for Windows. All results are expressed as means Ϯ SE. The statistical significance of differences between means was assayed by the Student's t test for unpaired data.
RESULTS
Body weight and nonfasting blood glucose. Transgenic and control mice had similar body weights (40 Ϯ 2 vs. 42 Ϯ 2 g, respectively; n ϭ 32), whereas nonfasting blood glucose concentrations were significantly higher in TG mice than in controls (7.7 Ϯ 0.5 vs. 5.5 Ϯ 0.5 mmol/l; P Ͻ 0.001; n ϭ 29). IPGTT and insulin response. Fasting blood glucose concentrations were significantly higher in TG mice than in controls (P Ͻ 0.05) (Fig. 1) . In control mice, glucose levels peaked at 15 min after intraperitoneal glucose administration; thereafter, glucose returned to baseline levels after 120 min. In contrast, in TG mice, glucose continued to rise until 30 min after administration and remained significantly higher than controls throughout the experiment. The fasting plasma insulin concentration was significantly lower in TG mice compared with controls (P Ͻ 0.001) (Fig. 2) . At 10 min after glucose administration, the insulin response was increased in both TG and control mice. This insulin response to intraperitoneal glucose was significantly lower in TG mice (23% increase in TG vs. 39% increase in controls, compared with basal levels, P Ͻ 0.001). IPITT. In overnight fasted animals used for insulin tolerance tests, blood glucose concentrations were higher in TG mice than in control mice (Fig. 3) . Ten minutes after the administration of insulin (0 min), blood glucose concentrations did not differ between TG and control mice.
There was a significant increase in blood glucose concentrations 15 min after the intraperitoneal administration of glucose in TG and control mice, and then glucose continued to fall during the whole period of the experiment (120 min). The increase in blood glucose concentration at 15 min and its subsequent fall was similar in TG and control animals. Islet experiments. Islet insulin (198 Ϯ 18.9 vs. 182 Ϯ 21.4 U/islet; n ϭ 6) and protein (1.56 Ϯ 0.5 vs. 1.47 Ϯ 0.7 mg/ml; n ϭ 6) concentrations were similar in control and TG mice. In control mouse islets, glucose-induced insulin release was significantly higher at 16.7 mmol/l glucose than at 3.3 mmol/l glucose (P Ͻ 0.001) (Fig. 4) . In TG mouse islets, basal insulin release was similar to that from islets of control mice, but the insulin response to 16.7 mmol/l glucose was less in TG mouse islets than those of control mice. Insulin release at 3.3 mmol/l glucose in the presence of 20 mmol/l arginine was significantly higher than that at 3.3 mmol/l glucose alone, both in control and in TG islets, although TG islets secreted less insulin than control islets (P Ͻ 0.001). In TG islets, benextramine (10 mol), a selective ␣ 2 -AR antagonist, had no effect on insulin release at 3.3 mmol/l glucose, whereas it completely normalized insulin release at 16.7 mmol/l (Fig. 5) . Benextramine had no effect on insulin secretion in control islets at 3.3 and 16.7 mmol/l glucose.
FIG. 1. IPGTT. Control (F) and TG (E) mice at
12-15 months of age were fasted overnight. Blood was collected before and after intraperitoneal injection of glucose (2 g/kg body wt) at the indicated times. Data are expressed as means ؎ SE (n ‫؍‬ 12). *P < 0.05, **P < 0.01, ***P < 0.001. 2 g/kg body wt) . Data are expressed as means ؎ SE (n ‫؍‬ 6). ***P < 0.001. (Fig. 7A) . Comparable amplification was obtained for ribosomal protein L30 mRNA at the cDNA inputs used. This cDNA input was then used for amplification of the ␣ 2 -AR mRNA. As shown in Fig. 7B , when compared with controls, expression of the ␣ 2 -AR was increased in islets in which the GR was overexpressed. Islet morphology. Immunocytochemistry revealed an increased expression of rat GR in the pancreatic ␤-cells of TG mice (data not shown), in accordance with our previous observation (8) . Furthermore, in both control and TG mice, central regions of the islets consisted of insulinproducing cells, whereas glucagon-producing cells were located peripherally in the mantle zone. There were no differences regarding the groups in this sense; hence, islet cytoarchitecture did not seem to be affected by GR overexpression in the ␤-cells (Fig. 8) . GLUT2 immunoreactivity versus control islets (1.6 ؎ 0.2 vs. 1.8 ؎ 0.3 nmol/l) . Data are expressed as means ؎ SE (n ‫؍‬ 5).
FIG. 2. Plasma insulin concentrations were measured in control (f) and TG (Ⅺ) mice under basal conditions and 10 min after intraperitoneal glucose injection (
was seen in the plasma membrane of centrally located islet cells in both types of animals. There was no difference regarding GLUT2 immunoreactivity between control and TG mice. Apoptosis in islets. The TUNEL assay did not show any evidence of apoptosis in islets from control or TG mice. The weak green fluorescence observed in the islets after TUNEL staining corresponded exclusively to autofluorescent erythrocytes (Fig. 9) .
DISCUSSION
We have found that TG mice overexpressing GR in the islet ␤-cells develop hyperglycemia both in the fed and overnight-fasted states by the age of 12-15 months. Using mice from the same colony, we previously demonstrated that at the age of 3 months, these animals developed impaired glucose tolerance and decreased insulin secretion, whereas the fed and fasting blood glucose concentrations were not elevated, compared with control mice (8) . Hence, overexpression of GR in ␤-cells results in diabetes at old age.
The diabetogenic effects of glucocorticoids are well known. Long-term treatment with glucocorticoids leads to decreased glucose tolerance and even manifest diabetes, despite increased plasma insulin levels (6, 7) . Under these conditions, the diabetogenic effects of glucocorticoids are mainly accounted for by decreased insulin sensitivity in the liver, muscle, and adipose tissues. However, the compensatory increase in plasma insulin is attenuated by the direct inhibitory effect of glucocorticoids on insulin secretion, as suggested by in vivo and in vitro studies (8, 9, (25) (26) (27) . Also in the present experiments, insulin secretion was significantly decreased in TG mice in both in vivo and in vitro conditions. Basal insulin levels were lower in TG mice than in control mice, whereas glucose elimination after intraperitoneal insulin administration did not differ between the groups, suggesting that insulin sensitivity was not reduced in TG mice. Therefore, it seems that the development of manifest diabetes in these animals is due to a direct inhibitory effect of GR overexpression on insulin release, and is not related to reduction in insulin sensitivity.
The mechanisms by which GCs inhibit insulin secretion are not fully elucidated. It is well known that the sympathetic nervous system control of insulin secretion is mediated by catecholamines, which inhibit insulin release via the ␣ 2 -ARs (12). The adrenergic nerves associated with islets contain a high concentration of catecholamines (28) . Because ␤-cells express ␣ 2 -ARs (29, 30) and GCs upregulate ␣ 2 -AR expression and signaling in ␤-cell lines (10), we investigated the possibility that inhibition of insulin secretion in TG mice involves a signaling pathway via the ␣ 2 -AR. In the present study, we found a significantly higher density of ␣ 2 -ARs in islets from TG mice, as revealed by binding studies using the ␣ 2 -AR agonist [ 3 H]UK 14304 as a ligand. Furthermore, analysis by RT-PCR also showed increased expression of ␣ 2 -AR in TG mouse islets. Moreover, the incubation of islets with benextramine, a selective antagonist of ␣ 2 -AR, completely restored the insulin response to glucose in isolated islets from TG mice, whereas it had no effect on control islets. Similarly, in 3-month-old TG mice, benextramine normalized the islet insulin response to glucose (31) . These above findings together suggest that increased expression and binding by ␣ 2 -ARs is involved in the inhibition of insulin secretion in TG mice.
In insulin-secreting HIT cells, the activation of ␣ 2 -AR by clonidine and oxymetazoline inhibited insulin secretion, whereas the pretreatment of the cells with pertussis toxin, which inhibits G-proteins, prevented the suppression of insulin secretion (17) . This indicates that the mechanism behind the inhibition of insulin secretion by ␣ 2 -AR is mediated through a pertussis toxin-sensitive G-protein. tides caused the inhibition of exocytosis. Because the inhibition of insulin secretion from islets by in vitro dexamethasone treatment was prevented by pertussis toxin treatment (26) , it is possible that the decreased insulin secretion in our TG mouse islets with increased expression and binding of ␣ 2 -ARs may involve signaling via G-proteins.
In the present study, not only glucose-induced, but also arginine-induced, insulin release was reduced in islets of TG mice. Because catecholamine also inhibits arginineinduced insulin release (33) , this finding is compatible with the hypothesis that increased signaling by ␣ 2 -AR is involved in the regulation of insulin secretion in the ␤-cells of TG mice.
Impaired insulin secretion from TG islets was not due to decreased insulin content, which was similar to controls. It has previously been demonstrated that ZDF rats with impaired glucose tolerance become frankly diabetic after dexamethasone treatment, in part due to an increase in ␤-cell apoptosis (34). Our aged TG mice also become diabetic after 12 months, but the development of the diabetic state did not involve apoptosis of ␤-cells, because we did not detect any apoptotic nuclei in islets from these mice. In accord with our results, dexamethasone treatment of partially pancreatectomized hyperglycemic rats did not cause any apoptotic changes in the ␤-cell (35) . Morphological studies of pancreatic islets revealed that the islet cytoarchitecture was intact in TG animals, as judged by the normal distributions of insulin-and glucagon-producing cells.
The novel finding in our study is that TG mice become diabetic over a period of 12-15 months. Hence, increased GR sensitivity in the pancreatic ␤-cells is sufficient for development of the diabetic state, and our results suggest that this is mainly due to overexpression of ␣ 2 -ARs. This would support notions of a role for stress in the development of type 2 diabetes, which thus may be mediated both by the effects of increased GC signaling on islet function as well as by increased ␤-cell ␣ 2 -AR expression. Our results may also have implications for the use of islets for transplantation. Thus, Shapiro et al. (36) demonstrated a major progress in islet transplantation to type 1 diabetic patients, using a protocol that employed GC-free immunosuppressive therapy, compared with previous reports in which GC was used as an immunosuppressive agent (37) . This would suggest that direct effects of GC on ␤-cells deteriorate insulin secretion from transplanted islets in humans and animals receiving immunosuppressive therapies that include GC.
In conclusion, we have demonstrated that prolonged and increased GR sensitivity of pancreatic ␤-cells to GC exerts a strong diabetogenic action due to decreases in insulin release. The inhibitory effect of GC on insulin release may involve increased signaling via ␣ 2 -AR. 
